Abstract: A method of visualizing a paraelectric Mn:KNTN crystal and measuring its Kerr electrooptic coefficient by digital holographic interferometry is presented. Digital holograms of the crystal with different voltages are recorded; a series of sequential phase maps of the KNTN crystal is numerically reconstructed from the holograms in different states to visualize the refractive index distribution. The spatial distribution of the induced refractive index change can be obtained by subtracting the phase of different voltages, and the effective electrooptic coefficient is calculated by means of the refractive index change. We obtain the Kerr coefficient of the Mn:KNTN crystal with R 11 ¼ 11:260 Â 10 À16 m 2 =V 2 and R 12 ¼ À1:351 Â 10 À16 m 2 =V 2 near its phase-transition temperature, and the research results show that the method presented in this paper is successful and feasible.
Introduction
Potassium lithium tantalate niobate KLTN crystal has been substantially investigated for about decades due to its an excellent nonlinear electro-optic performance and application versatility in such fields as electroholographic switching [1] - [3] , holographic data storage [4] , photorefractive soliton [5] , [6] , second harmonic generation and so on [7] - [15] . KLTN doped is currently considered to be the best promising electro-optic material for electroholographic switching for its higher diffractive efficiency and photorefractive sensitivity and faster electro-optic response time [1] - [3] , [13] , [14] . However, the growth of KLTN crystal of high optical quality is considerably difficult for the cracks induced by the change of composition and structural characteristics [15] - [17] . Fortunately, KNTN crystal, substituting Na for Li, will effectively suppress the appearance of defects; therefore, KNTN crystal in high optical quality can be grown with relative ease [18] . The optical properties of KNTN doped, such as the refractive index, optical absorption, dispersion and Kerr coefficient, etc., have been reported in several papers [18] , [19] . When an electric field is applied to a crystal, the optical properties of electro-optic crystal change due to electro-optic effect, and eventually leads to significant changes in refractive index. Refractive index distribution on crystal changes spatial phase profile of the transmitted light but does not change the intensity profile. The visualization of the induced refractive index change of photorefractive crystal is of great significance for photorefractive investigation. However, little attention has been paid to visualizing the induced refractive index change of a photorefractive crystal under an electric field, and 2-D and 3-D refractive index distribution in the material. Thus we need a technique to visualize the phase distribution to measure the refractive index change induced on crystal. In the paper, we propose an approach to visualizing the characteristics in electrooptical crystal by digital holographic interferometry. Here, digital off-axis holographic system is employed, and a hologram of Mn:KNTN crystal at paraelectric phase is captured and numerically reconstructed, and the phase distribution under different voltages are obtained to visualize the optical field distribution of Mn:KNTN with electric field applied. We get the refractive index changes for the phase difference in different states and then quadratic electro-optic coefficients (Kerr coefficients) can be achieved by means of the reduced refractive index change, the experiment is completed and the research results are given.
Experimental System and Method
The schematic experimental optical system for visualizing and simultaneously measuring Kerr coefficient of a paraelectric KNTN crystal is shown in Fig. 1 , which is a Mach-Zehnder-like holographic arrangement. The CCD is a 14-bit digital CCD camera (GRAS-14S5M/C) with 1384 Â 1036 pixels and pixel size of 6:45 m Â 6:45 m. The Mn:KNTN crystal is grown by a top-seeded solution growth method, used as the object. A 543 nm CW linearly polarized He-Ne laser (Thorlabs HGP005) is used as a light source, and a laser beam, expanded, spatially filtered and collimated, becomes plane wave with the diameter 20 mm, then through a polarizer and a polarizing beam splitter cube PBS. The two linearly polarized lights, namely, horizontally linearly polarized light and vertically linearly polarized, which have the same intensity, are generated. The horizontally linearly polarized light, namely, p-polarized light, reflected by reflecting mirror M 1 and beam splitter cube BS, acts as the reference wave; the vertically linearly polarized light, that is s-polarized light, is reflected by reflecting mirror M 2 and illuminate the object and through BS onto the CCD plane, serving as the object wave. A half-wave plate ð=2Þ is introduced in the reference arm or the object arm to change polarization state of the light wave. And the two beams are interfering and a Fresnel off-axis hologram is formed and recorded on a CCD. The temperature of the sample in experiment is controlled by a temperature control system (TC) we developed with a precision of 0.5 C, and experiment has been done above the Curie temperature, where the sample is in a paraelectric phase. DC electric field E is applied to the sample by a high-voltage power supply (Agilent N5772A). Let I 1 ðx ; y Þ and I 2 ðx ; y Þ be the digital holograms recorded in two different states of the object, and o 1 ðx ; y Þ and o 2 ðx ; y Þ be the reconstructed complex amplitude of object wave from I 1 ðx ; y Þ and I 2 ðx ; y Þ, and the corresponding phase distribution ' 1 ðx ; y Þ and ' 2 ðx ; y Þ, respectively, are given by
The phase difference of object in two different states, called the interference phase, can be written as
and the intensity of holographic interference pattern as a function of the phase difference is described by
The refractive index change between two exposures is proportional to the phase difference, which is calculated by
where is wavelength, d is thickness of crystal in laser beam propagating direction(z-direction). The phase map representing the phase change directly reflects the variation of refractive index of KNTN crystal by electric-optic effect. So the electric-optic effect of KNTN crystal can be displayed and analyzed in the form of phase maps.
Experimental Results and Analysis
The as-grown of Mn:KNTN crystal is cut and optically polished along the crystallographic [010] axis with dimension 7:0 ðx Þ Â 2:2 ðy Þ Â 1:2 ðzÞ mm 3 . Silver electrodes are plated and two silver conductional wires are attached on both of the xz faces, and an electric fieldẼ is applied along the y -axis, that is E ð0; E ; 0Þ, by DC-voltage source. For p-polarized light and s-polarized light, the modulation of the refractive index Án is different. Experiments are performed under different conditions: with different voltages and illuminated light beams of different modes (here refers to illuminate object). In the course of experiment, the temperature keeps at 20 C, 4 C above its Curie temperature. Fig. 2 (a) shows the digital hologram recorded with p-polarized light illuminating object and no applied voltage, the recording distance is 46.3 mm. Fig. 2(b) shows the reconstructed image obtained by numerical reconstruction of the hologram shown in Fig. 2(a) with angular spectrum method [20] . The marked area is the crystal and the two sides are electrodes. A little of striations and hollows are visible in the crystal (see Fig. 2(b) , the hollows on the surface are caused by polishing), where diffraction and interference effect occurs, but the transmitted light distribution is almost homogenous. Fig. 2 (c) and (d) shows the holographic interferograms obtained by means of superposition of the two reconstructed wavefronts in U ¼ 320 V and U ¼ 0 V, and U ¼ 580 V and U ¼ 80 V, using Eq. (3), respectively. As we know, a refractive index change leads to a change of the optical path length and thereby to an interference phase change between two light waves passing KNTN crystal under different applied voltages. From Fig. 2(c) and (d), the interference fringes is recognizable, and the more fringe appears with high voltage difference, and the phase difference of Fig. 2(d) is lager than that of Fig. 2(c) , which means that the larger the voltage difference, the bigger the interference phase, and the larger refractive index change.
TE Mode
In Fig. 1 , when s-polarized light, namely, TE mode beam, illumines the crystal, a half-wave plate =2 is introduced in the reference arm, and then a hologram is recorded with different voltages and times after voltage is applied. Fig. 3(a)-(h) shows the partial hologram recorded under different voltages 15 s after electric field is applied. As can be seen from Fig. 3 , the intensity distribution of the transmitted light field of the crystal is the same under different voltages. The holograms shown in Fig. 3 are reconstructed by angular spectrum method, and the wrapped phase are extracted using Eq. (1) and filtered by median filter and unwrapped by 3-D unwrapping algorithm [21] , [22] . Fig. 4(a)-(f) shows the unwrapped phase difference between voltage U ¼ 0 and U 6 ¼ 0, and the 3-D unwrapped phases of Fig. 4(a) -(f) are shown in Fig. 5(a)-(f) , respectively. It is clearly seen from Figs. 4 and 5 that the phase amplitude increases as electric field strengthens and the phase distribution is almost uniform at low voltages. With voltage increasing, the value of the phase difference amplitude in the left region is slightly bigger than that of in the right region and the phase profile looks a little bit steplike, as shown in Figs. 4 and 5. This indicates that either the motions of the molecular electrons or the crystal structure are changed under the external DC electric field effect; the optical properties of crystal, such as the refractive index, change, which is an electro-optic effect. According to Eq. (4), the phase difference distribution measured ðx ; y Þ is converted to the refractive index change Ánðx ; y Þ, the average refractive index change Án is shown in Table 1 . It can be seen from Table 1 that Án increases with the increasing external electric field applied E . Experiments have also been performed 20 s, 30 s after DC-voltage is applied, where the hologram, the reconstruction image and the phase distribution are all almost the same with the same voltage. 
TM Mode
The same experiment has been carried out in TM mode. The p-polarized light, namely TM mode, as shown in Fig. 1 , illumines the crystal and a half-wave plate =2 is introduced in the object arm. The transmission holograms with different voltages are recorded 15 s after electric field is applied, and the partial hologram recorded is shown in Fig. 6(a)-(f) . It can be seen from Fig. 6 that the intensity distribution of the transmission light field of the crystal is a little different under different Comparing the hologram and phase distribution for TE mode and TM mode, we can find that, as far as hologram is considered, without considering the intensity slight difference, no difference of the characteristics of holograms in both cases are revealed except that the size of the light field areas is a little bit different. The light field area in hologram of crystal for TM mode is slightly expanded to the right along the transverse direction with increasing voltage, and the characteristic distinctly appears approximately U ¼ 300 V, while the light field region in hologram for TE mode is almost unchanged under an applied voltage, as shown in Fig. 9 . The holograms shown in Figs. 2(a) and 3(a) for TM mode and TE mode at U ¼ 0 are similar to each other, the light distribution is almost uniform, which shows that light propagates in a homogeneous medium, that is to say, the refractive index distribution of the crystal is homogeneous, the light traveling through the crystal is very similar to the light propagating through a uniform glass plate, because KNTN crystal in the paraelectric phase is isotropic. With an external field applied to the crystal, the cubic crystal becomes the uniaxial crystal for electro-optic effect, in which the two axes perpendicular to the direction of prorogation have different indexes of refraction. The phase amplitude value increases with increasing voltage for both TE mode and TM mode, and the value increases fast for TM light while slowly for TE light. The effect of applying the electric field will increase the refractive index for TE mode, and decrease the refractive index for TM mode, the value of TE mode is rather small, indicating that TE mode should have poor electro-optic effect. Fig. 10 shows the profile of the phase difference along the y -direction under an applied voltage, and the refractive index distribution forms a gradient distribution, especially at high voltages, which maybe comes from the electric-field inhomogeneities in conductivity; the detail analysis has been completed in Ref. [23] . The profile of the refractive index distribution electrooptically induced is similar to a prism (inset in Fig. 10 ). Thus, the TM component of the transmission light field is to be widely distributed whereas the TE component change is too small to be observed at low voltage applied.
Kerr Coefficient Measurement
KNTN crystal in the paraelectric phase is centrosymmetric, and the electro-optic effect is quadratic. When the uniform applied external electric filed E is parallel to the crystallographic axis along [010] direction, the modulation of the refractive index Án is given by [24] 
where Án ¼ n j¼x ;y ;z À n 0 , R eff is the effective quadratic electro-optic coefficient, n 0 is the refractive index. For TE mode,
, and for TM mode, Án y ¼ Àn
, we can obtain R 11 and R 12 . Fig. 11 shows the average refraction index variations Án with respect to the applied voltage U 15 s and 30 s after electric field is applied for TE mode and TM mode (assuming that the electric field is still given by E ¼ U=l, where l is the thickness of the crystal), and the data points are fitted by least-squared fitting with Án ¼ aðU þbÞ 2 (here, b is a constant), and the fitting coefficient a is used to calculate the corresponding Kerr coefficient R 11 and R 12 , respectively. The fitting coefficient a are 1:729Â10 
Conclusion
We present an approach to visualizing the refractive index change distribution of electro-optical crystal with digital holographic interferometry, and its most important advantage lies in its capability to measure Kerr coefficients and spatial distribution of the induced refractive index change of electro-optical crystal. Experiments have been carried out by examining a paraelectric phase Mn:KNTN and Fe:KLTN crystal, and the research results show that the method presented in this paper is feasible and can be used for any electro-optical media. In addition, if the as-grown of KNTN crystal is cut and optically polished along the crystallographic [110] axis, and an electric fieldẼ is applied alongẼ ðE 1 ; E 2 ; 0Þ, we can measure Kerr coefficient R 44 and this experiment is under investigation at present. It is noticed that, with this method, we can also obtain the transient refractive index change by employing the pulsed laser or a high-speed CCD camera, recording a sequence of digital holograms under different external electric voltages applied, and the spatial and temporal dynamics of the refractive index change in electro-optical material can also be acquired, which is in the further exploration.
